INTRODUCTION
The yeast Saccharomyces cerevisiae arose from an ancient whole genome duplication followed by massive gene loss, as redundant copies were eliminated from the genome. Roughly 10% of duplicated genes were maintained, mainly through the evolution of specialized functions (Kellis et al., 2004) . Remarkably, 59 of the 78 ribosomal proteins retained two genomic copies. Following the initial discovery of duplicated ribosomal protein genes, growth rates were assayed in ribosomal protein gene knockouts to determine whether paralogous genes were functionally distinct. Correspondence between fitness defects and expression levels and the fact that overexpression of one ribosomal protein rescues the growth defect from deletion of its paralog led to the conclusion that duplicated ribosomal proteins are functionally redundant with the more highly expressed paralog playing a more significant role in the cell (Rotenberg et al., 1988) .
Recent studies reveal a more complex relationship between paralogous ribosomal proteins. A study of Rps27a and Rps27b found that cells lacking Rps27a exhibited ribosomal assembly defects and deficiencies in rRNA processing despite growing at the wild-type rate (BaudinBaillieu et al., 1997) , demonstrating that growth rate does not necessarily reflect functionality. Recent high-throughput screens have suggested more subtle differences between duplicated ribosomal protein genes, including paralog-specific defects in sporulation (Enyenihi and Saunders, 2003) , actin organization (Haarer et al., 2007) , and bud-site selection (Ni and Snyder, 2001) . Though these studies suggest functional specificity of duplicated ribosomal protein paralogs, a mechanistic role for the ribosome in these processes remains unclear.
The yeast protein Ash1 localizes exclusively to the daughter cell where it acts to suppress mating-type switching upon cell division. Protein localization is achieved through ASH1 mRNA localization, a process with a wellcharacterized requirement for both translation and translational regulation. Several studies have demonstrated the requirement of ongoing translation for anchoring of ASH1 mRNA at the site of growth in the emerging daughter cell (the bud tip). Mutations in ASH1 mRNA that disrupt its translation abolish bud-tip anchoring, as does inhibition of translation by cycloheximide treatment, resulting in a mislocalization of the mRNA throughout the emerging daughter cell (Gonzalez et al., 1999; Irie et al., 2002; Kruse et al., 2002) . ASH1 mRNA also undergoes translational repression, and factors required for this repression are needed for its anchoring at the bud tip (Beach et al., 1999; Gu et al., 2004; Irie et al., 2002) . Thus, anchoring of the ASH1 mRNA involves a complex mechanism in which both translational repression and active translation are required.
Several factors required for the localization of ASH1 mRNA have also been implicated in ribosomal assembly.
Loc1, a strictly nuclear protein, was identified through its association with ASH1 mRNA and is required for targeting ASH1 mRNA to the bud (Long et al., 2001) . Recent studies show that Loc1 associates with the 60S preribosomal subunit fraction (Harnpicharnchai et al., 2001 ) and is required for the efficient assembly of the large ribosomal subunit (Harnpicharnchai et al., 2001 ) and rRNA processing (Urbinati et al., 2006) . Another factor required for the localization of ASH1 mRNA, Puf6, has also been implicated in ribosomal assembly, having been identified among the proteins that sediment in the 60S preribosomal fraction (Nissan et al., 2002) . Puf6 is a member of the pumilio family that was recently shown to play a role in ASH1 localization and translational repression (Gu et al., 2004) .
We sought to determine whether duplicated ribosomal proteins have distinct roles in translational regulation. We show that a specific subset of duplicated ribosomal protein genes are required for the localization of ASH1 mRNA and that there is a direct correspondence between the genes required for this process and those required for bud-site selection. Transcriptional profiling of cells lacking individual genes shows additional paralog-specific differences. Analysis of phenotypic data demonstrates that functional specificity also occurs in other duplicated ribosomal protein genes and cannot simply be attributed to expression levels. Finally, we show that paralogous ribosomal proteins have different genetic requirements for their assembly and exhibit paralog-specific aberrant localizations in certain genetic backgrounds. Together our results indicate that what was previously thought to be simple redundancy in ribosomal protein-encoding genes has significant functional consequences.
RESULTS

Loc1
Is Required for the Translational Regulation of ASH1 mRNA The requirement for Loc1 in ASH1 mRNA localization may relate to its role in ribosomal assembly. Although Loc1 was originally implicated in the targeting of ASH1 mRNA from within the nucleus (Long et al., 2001) , Loc1 is also required for ribosomal assembly (Harnpicharnchai et al., 2001; Urbinati et al., 2006) . Moreover, high-throughput immunoprecipitations identified many ribosomal proteins in association with Loc1 (Collins et al., 2007) , suggesting that Loc1 may play a direct role. We verified the association of Loc1 with ribosomal proteins and intermediates using both immunoprecipitation ( Figure S1 ) and sucrose gradient analysis ( Figure S2 ). Taken together with previous data implicating translation in ASH1 mRNA localization (Gonzalez et al., 1999; Irie et al., 2002; Kruse et al., 2002) , these data suggest that the effect of Loc1 on ASH1 mRNA localization may be a consequence of its role in ribosomal assembly.
In order to better understand the mechanism by which Loc1 affects the localization of ASH1 mRNA, we used a live-cell mRNA reporter system (Brodsky and Silver, 2002) to determine its effect on individual ASH1 regulatory elements. We created reporter constructs that contain the promoter and coding sequence of yeast PGK1, an array of U1A-binding hairpins, and either PGK1's own 3 0 UTR or one of the four ASH1 localization elements ( Figure 1A) . Each reporter was coexpressed with U1A-GFP, which binds the hairpins and allowed us to track the localization of the reporter mRNAs in live cells (Brodsky and Silver, 2002) .
Assays in wild-type and loc1D cells confirmed the functionality of our reporter system. We scored the fraction of large-budded cells with GFP signal enriched at the bud tip (''bud-tip''), diffuse throughout the bud cytoplasm (''budcytoplasm''), or evenly distributed throughout both mother and daughter cells (''ubiquitous''). As expected, in wildtype cells all four reporters bearing the ASH1 constructs exhibited bud-tip localization, whereas the reporter bearing PGK1's own 3 0 UTR was ubiquitously distributed. In contrast, the reporters bearing the E1, E2A, and E2B elements showed no bud-specific enrichment in loc1D cells ( Figure S3 ). This result agrees with previous reports that full-length ASH1 mRNA is ubiquitously localized in loc1D cells (Long et al., 2001 ) and indicates defective targeting of these mRNAs to the bud.
Analysis of the E3 reporter implicates Loc1 in the regulation of ASH1 mRNA translation. Unlike the other reporter constructs, the E3 reporter exhibited significant enrichment in the bud cytoplasm in loc1D cells ( Figure 1B ). This localization has previously been shown to indicate improper translational regulation of the full-length ASH1 transcript (Beach et al., 1999; Gonzalez et al., 1999; Gu et al., 2004; Irie et al., 2002; Kruse et al., 2002) . To confirm that our reporter system was similarly affected by translation defects, we examined the effect of treating wild-type cells expressing the E3 reporter with cycloheximide. As shown in Figure 1B , disrupting translation reproduces the localization observed in loc1D cells, indicating that Loc1 regulates the translation of ASH1 mRNA.
Analysis of Ash1 expression levels confirms a role for Loc1 in the translational regulation of ASH1 mRNA. We examined the protein and mRNA levels of ASH1 in wild-type and loc1D cells. Ash1 protein expression increases approximately 2-fold in cells lacking Loc1, whereas the level of actin is unaffected ( Figure 1C ). In contrast, ASH1 mRNA levels decrease in loc1D cells ( Figure 1D ). We conclude that Loc1 is required for the translational regulation of ASH1 mRNA.
In sum, we have further elucidated the role of Loc1 in ASH1 mRNA regulation, showing that it is not only required for targeting ASH1 mRNA to the bud tip, but also for the translational regulation of ASH1 mRNA.
Genes Required for Bud-Site Selection Are Needed for the Localization of ASH1 mRNA The requirement for translational regulation in ASH1 mRNA localization suggests that Loc1 may regulate ASH1 mRNA via its role in ribosomal assembly. Intriguingly, a related phenotypic connection has been established between Loc1 and certain ribosomal protein genes: the site of daughter-cell formation is highly programmed in yeast, but cells lacking Loc1 or any of 15 specific ribosomal protein genes exhibit random bud-site positioning (Ni and Snyder, 2001) . As ASH1's E3 sequence element localizes to nascent bud sites (Beach et al., 1999) , we speculated that the mechanism for the bud-tip anchoring of ASH1 mRNA may relate to the mechanism for regulated bud-site selection. We hypothesized that Loc1 may affect both anchoring and bud-site selection via its effects on the ribosome and that this subset of ribosomal proteins may be directly involved.
To test this hypothesis, we compared the localizations of the E3 reporter construct in wild-type cells and in ten strains that had been found to exhibit random bud-site selection in diploid cells: loc1D, six strains that lack specific ribosomal protein genes (rpl7aD, rpl12bD, rpl14aD, rpl22aD, rps0bD, and rps18bD) , and three strains lacking genes with functions unrelated to translation (CLC1, involved in protein transport and endocytosis; CWH8, required for protein N-glycosylation; and GUP1, a membrane protein involved in glycerol transport). All deletion strains exhibited defects in localization of E3-GFP ( Figures  2A and 2B ), indicating that there is a one-to-one relationship between the genes required for bud-site selection and those required for ASH1 localization.
Factors unrelated to translation cause unique defects in localization of the E3 reporter construct. Strains lacking 
CLC1, CWH8
, and GUP1 exhibited defects that were dissimilar to one another and to loc1D cells but consistent with their known functions ( Figure 2A ). For example, Cwh8 is required for the maintenance of polarized actin cables (Bonangelino et al., 2002) ; since ASH1 mRNA is transported along actin filaments, an actin-assembly defect would lead to the observed ubiquitous ASH1 mRNA localization. Thus, although these factors share the bud-site selection defect observed in loc1D cells, they do not necessarily have the same effect on ASH1 mRNA localization. In contrast, each of the strains lacking ribosomal protein genes exhibited localizations indicative of defects in translation regulation. As shown in Figure 2 , all six ribosomal protein knockouts had a similar phenotype to that observed in loc1D cells: a significantly higher fraction of cells showed bud-cytoplasmic localization of E3-GFP. This effect is directly due to the absence of the corresponding ribosomal protein, since we were able to rescue the defect by reintroducing the corresponding ribosomal protein on a plasmid ( Figure S4 ). Similar effects were observed for the other ASH1 reporter constructs, indicating that this defect in bud-tip anchoring is not specific to the E3 construct (data not shown).
Together, these data demonstrate a one-to-one relationship between genes required for bud-site selection and those required for ASH1 localization.
Translation of ASH1 mRNA Requires a Specific Subset of Duplicated Ribosomal Protein Paralogs
Only a subset of the 137 genes encoding ribosomal proteins was implicated in bud-site selection. Of the 15 implicated genes, 14 have a duplicate within the genome. Intriguingly, although the proteins encoded by these duplicates are almost identical, only one paralog from each pair was required for bud-site selection. This suggests the existence of functional specificity between duplicated ribosomal proteins in yeast but does not provide a mechanism. However, the role of regulated translation in ASH1 mRNA localization is well characterized (Beach et al., 1999; Gonzalez et al., 1999; Gu et al., 2004; Irie et al., 2002; Kruse et al., 2002) ; thus, we asked whether the paralog specificity observed in bud-site selection extends to the translational regulation of ASH1 mRNA.
Ribosomal protein paralogs not required for bud-site selection are also dispensible for the translation of the ASH1 reporter. We assayed the localization of the E3 construct in cells lacking nonessential ribosomal proteins paralogous to those required for bud-site selection. Copies not implicated in bud-site selection (RPL7B, RPL12A, RPL22B, and RPS18A) had little if any effect on the anchoring of the E3 construct ( Figure 3A ) relative to their nearly identical counterparts (RPL7A, RPL12B, RPL22A, and RPS18B). Overexpression of the paralogous gene was unable to rescue the ASH1 mRNA localization defect observed when the copy implicated in bud-site selection was absent ( Figure S5 ). Thus, only certain ribosomal protein paralogs affect the localization and translation of ASH1 mRNA.
The paralog specificity in bud-tip anchoring of E3 cannot be attributed to gene dosage effects or to paralog-specific effects on ribosomal assembly. We examined the mRNA expression level of both copies of the duplicated ribosomal proteins needed for bud-site selection. Although eight of these ribosomal protein paralogs are expressed at higher levels than their counterparts, the same is not true for the remaining four proteins ( Figure S6 ). Protein levels confirm that paralog-specific phenotypes are not due to gene-dosage effects; Rps18a and Rps18b expression levels are nearly identical, despite their different effects on ASH1 mRNA localization ( Figure S7 ). Consistent with the equal expression levels of Rps18a and Rps18b, sucrose gradient analysis shows that both paralogs have nearly identical effects on ribosomal assembly ( Figure S8A ). Rpl12a and Rpl12b also have similar effects on ribosomal assembly despite differences in requirements for ASH1 mRNA localization ( Figure S8B ). Together, these data show that the paralog specificity observed with ASH1 mRNA localization is not due to expression differences or relative contributions to ribosome assembly.
Paralog-specific effects on the localization of ASH1 mRNA are restricted to those proteins required for budsite selection. We assayed E3 localization in a variety of duplicated ribosomal proteins in which neither paralog is required for bud-site selection ( Figure S9 ). To assess paralog-specific function, we compared the difference in the fraction of cells exhibiting bud-tip localization between paralogous genes against the difference in the fraction of cells exhibiting bud-cytoplasmic localization for the same pair of genes ( Figure 3B ). The difference is significantly greater between paralogous genes required for bud-site selection than between genes not required for this process (p < 0.01, Mann-Whitney U-test). Thus, the differences in paralogs observed for ASH1 mRNA localization are unique to a specific subset of duplicated ribosomal proteins.
Together, these data show that a specific subset of duplicated ribosomal proteins exhibit paralog-specific requirements for the translational regulation of ASH1 mRNA.
Transcriptional Profiling Reveals General Cellular Differences between Ribosomal Protein Paralogs
Given that certain duplicated ribosomal proteins exhibit functional specificity in the translation of ASH1 mRNA, we used transcriptional profiling to determine if the cellular roles of these paralogs differ in other respects. We analyzed the transcriptional profiles of cells lacking the eleven ribosomal proteins shown to exhibit paralog-specific roles in ASH1 mRNA localization. The resulting profiles were compared to those obtained in wild-type cells. There is a significantly greater difference in the effect on anchoring of the E3 reporter construct between pairs of duplicated ribosomal protein genes in which one copy is required for bud-site selection than for pairs in which neither copy is required for bud-site selection. The fraction of cells exhibiting budtip and bud-cytoplasmic localization of the E3 reporter construct was assayed in strains lacking a variety of duplicated ribosomal protein genes. The difference between the fraction of cells exhibiting bud-tip localization is plotted against the difference in the fraction exhibiting bud-cytoplasmic localization for both members of each pair. We examined the transcriptional profiles for evidence of functional specificity. Genes that exhibited significantly increased or decreased expression levels in each strain relative to wild-type were analyzed for significantly enriched Gene Ontology categories using FuncAssociate (Berriz et al., 2003) . The types of genes that were induced and repressed varied greatly between paralogous ribosomal proteins (Table 1) . In some cases, there was no overlap between functional categories affected by paralogous gene deletions; for example, the absence of Rpl12a induced genes involved in amino acid metabolism and biosynthesis, while the absence of Rpl12b induced genes with products that localize to the nucleus and repressed genes involved in cell wall and RNA modification. Significantly, paralogous ribosomal protein genes also differentially affected genes involved in various aspects of ribosomal assembly. For example, deletion of Rpl12a reduced expression of genes encoding the cytosolic ribosome, while deletion of Rpl12b decreased expression of genes involved in rRNA modification (Table 1) . Thus, the functional specificity of duplicated ribosomal protein genes applies not only to the translational regulation of ASH1 mRNA, but also to additional cellular processes, including assembly of the ribosome itself.
Paralog-specific effects on expression were also observed among noncoding RNAs, such as RNAs that regulate the processing of rRNA (e.g., C/D box snoRNAs) and those involved in splicing (e.g., U1 RNA) (data not shown). Moreover, many ribosomal protein deletions exhibited misregulated expression of repetitive elements, including centromeric regions and long-terminal repeats. These data provide further support for paralog-specific cellular roles of ribosomal protein genes.
Together, our transcriptional profiling data indicate that ribosomal protein paralogs have specialized cellular roles beyond their effects on ASH1 mRNA localization.
Complex Requirements for Ribosomal Protein Paralogs that Extends to Other Cellular Processes
We next mined high-throughput data sets in order to determine if paralog-specific functional differences occur among other duplicated ribosomal protein genes. The phenotypic effects caused by the absence of all nonessential ribosomal proteins were compiled (Supplemental Data). A subset of this data is displayed in Table 2 .
All duplicated ribosomal proteins exhibited phenotypes that differed between their nearly-identical paralogs. For example, rpl41aD cells are sensitive to wortmannin, neomycin sulfate, and phenantroline. In contrast, rpl41bD cells exhibit none of these sensitivities but instead are sensitive to benomyl, pentamidine, and hydrogen peroxide. Broad phenotypic differences are also observed when comparing all other pairs of duplicated ribosomal protein genes.
Clustering of the phenotypic data provides further support for functional diversity among duplicated ribosomal protein genes. The ribosomal protein paralogs were grouped according to phenotypic defects using hierarchical clustering ( Figure 4A ) (Eisen et al., 1998) . In general, the two copies of each duplicated ribosomal protein clustered separately from each other. For example, as shown in Figure 4B , RPL2B clusters with RPS19A, RPP2A, and RPS11B, whereas its paralog RPL2A instead clusters with RPL43B, RPL26B, RPS25A, RPL8A, RPS29B, and RPL21B. These results indicate that paralogous ribosomal Phenotypic data for all ribosomal proteins was mined from published datasets; a representative sample is shown. Sensitivity is indicated by ''1'' unless otherwise indicated. a 1 = strong defect, 2 = weak defect b 1 = among the smallest 5%, 2 = among the largest 5% c 1 = low sporulation efficiency, 2 = high sporulation efficiency but reduced number of spores per ascus d 1 = strong or moderate defect, 2 = weak defect e ''À'' indicates resistance; higher number indicates higher sensitivity/resistance f 1 = slightly long, 2 = long, 3 = very long, À1 = slightly short, À2 = short, À3 = very short g (Ni and Snyder, 2001) h (Jorgensen et al., 2002) i (Enyenihi and Saunders, 2003) j (Jelinsky and Samson, 1999) k (Bonangelino et al., 2002) l (Zewail et al., 2003) m (Parsons et al., 2004) n (Page et al., 2003) o (Askree et al., 2004) p (Parsons et al., 2006) (D) Phenotypic effects are not determined by expression level. mRNA expression levels of all duplicated ribosomal protein genes from transcriptional profiling data was used to determine the relative contribution of each paralog. Genes were sorted into ''higher'' or ''lower'' based on whether they contributed more or less than half of the mRNA, respectively. Error bars represent standard deviations.
protein genes are more functionally similar to other duplicated ribosomal protein genes than to their nearly identical counterparts. Duplicated ribosomal proteins share no more phenotypes with each other than with other duplicated ribosomal proteins. We determined the number of shared phenotypes for each pairwise combination of duplicated ribosomal protein genes. As shown in Figure 4C , the distribution of the number of shared phenotypes between pairs of paralogous duplicated ribosomal proteins was highly similar to that obtained when comparing pairs of nonparalogous proteins (p = 0.71, Kolmogorov-Smirnov test). Thus, despite the high sequence similarity beween paralogous ribosomal proteins, their cellular roles are divergent.
Clustering analysis reveals additional complexity in the cellular roles of duplicated ribosomal protein genes. Although closely clustered ribosomal proteins are more similar to each other than to other ribosomal proteins, no two ribosomal proteins exhibit identical dependencies and phenotypes. This suggests that no one subset of ribosomal protein paralogs consistently acts together in various cellular processes. Instead, it implies a more complex model in which diverse combinations of ribosomal protein paralogs are required for different cellular processes. In support of this model, biochemical analysis reveals that ribosomal paralogs do not associate exclusively with specific paralogs from other duplicated ribosomal proteins. We generated strains in which two ribosomal proteins were tagged with different epitopes and assayed for coimmunoprecipitation. All duplicated ribosomal proteins we tested associate with each other, at levels corresponding to their overall expression level ( Figure S10 ). These data corroborate the findings in Figure 4A and provide further support for complex rules governing the associations among ribosomal paralogs (see the Discussion).
The number of phenotypic defects induced by the deletion of a given ribosomal protein gene is not determined by its expression level. As shown in Table 2 , the number of phenotypes observed varies among paralogs. The gene-dosage theory would predict that any observed phenotypes are a consequence of expression level, in which case the more highly expressed paralog of each pair of duplicated ribosomal protein genes would have more phenotypic defects than its counterpart. To determine if this is the case, we compared the wild-type expression level of paralogs of each duplicated pair, placing one paralog into the ''higher'' category and the other into the ''lower'' category, based on their relative expression levels. As shown in Figure 4D , when paralogs were sorted in this manner, the number of phenotypes did not differ significantly (p = 0.38, Mann-Whitney U-test). Thus, the observed phenotypic differences cannot be attributed to the relative abundance of each ribosomal protein paralog.
Together we have shown that the specificity observed between certain duplicated ribosomal proteins for ASH1 mRNA localization also applies to other duplicated ribosomal proteins and to other cellular processes. Moreover, it appears that the phenotypic relationships between duplicated ribosomal proteins are complex, such that different groups of ribosomal protein paralogs are required for different cellular processes.
Paralogous Ribosomal Proteins Exhibit Differences in Their Localizations and Assembly Requirements
The paralog-specific phenotypic effects among ribosomal proteins led us to ask whether paralogous genes also differ in their assembly requirements. As Loc1 and Puf6 have each been implicated in both ribosomal assembly (Harnpicharnchai et al., 2001; Nissan et al., 2002; Urbinati et al., 2006) and the translational regulation of ASH1 mRNA (Gu et al., 2004 ; Figure 1) , we hypothesized that they may differentially affect the processing of paralogous ribosomal proteins. As a recent study had shown that improperly assembled ribosomes localize to a sub-region of the nucleolus (Dez et al., 2006) , we used GFP-tagged ribosomal proteins to simultaneously assay assembly status and localization.
We tagged two pairs of duplicated ribosomal proteins with GFP. We chose Rpl7a, Rpl7b, Rps18a, and Rps18b for this analysis because these genes were implicated in ASH1 mRNA localization, the paralogs of each pair show distinct phenotypes, and together they represent both large and small ribosomal subunits. Tags were genomically integrated at the N-terminus, using the Cre/LOX system to remove markers and restore the native promoter (Gauss et al., 2005) . Sucrose cushion assays demonstrated that these proteins are functional and are incorporated into ribosomes in wild-type cells (data not shown). As expected, in wild-type cells all four ribosomal proteins localize to the cytoplasm ( Figure 5) .
Intriguingly, the absence of either Loc1 or Puf6 caused paralog-specific localization defects of the GFP-tagged ribosomal proteins. As shown in Figure 5 , Rpl7b and Rps18b localize to a region consistent with the endoplasmic reticulum in loc1D cells, while Rpl7a and Rps18a exhibit wild-type localization. Thus, although Loc1 is required for ribosomal assembly, Rpl7b and Rps18b do not exhibit assembly defects in its absence; instead, Loc1 seems to regulate their targeting to certain cellular regions. The absence of Puf6 causes Rpl7b to exhibit a similar localization defect as observed in loc1D cells but does not affect the other three paralogs ( Figure 5) . Together, these data show that duplicated ribosomal proteins exhibit paralog-specific genetic interactions that lead to localization defects. Furthermore, as none of the ribosomal proteins exhibited nuclear or nucleolar retention, our data shows that neither Loc1 nor Puf6 is absolutely required for the assembly of these ribosomal protein paralogs.
The overlapping functions of Loc1 and Puf6 led us to ask whether they may act together in the assembly of paralogous ribosomal proteins. Specifically, we hypothesized that each ribosomal protein would still be assembled into ribosomes when only one factor was absent, but that the absence of both would have paralog-specific effects on assembly. As such, we examined the localizations of the GFP-tagged ribosomal proteins in loc1Dpuf6D cells.
As shown in Figure 5 , the localizations observed in the double deletion strain differed from both wild-type and the individual deletions. Although Rps18b exhibits the same localization observed in loc1D cells, Rpl7b instead localizes to discrete cytoplasmic foci. Intriguingly, Rps18a, whose localization was unaffected in either of the single deletions, localizes to the nucleolus in loc1Dpuf6D cells, indicative of aberrant assembly and/or export. Thus, Loc1 and Puf6 exhibit a synthetic defect for the ribosomal assembly of Rps18a, but not Rps18b.
In sum, we have shown that paralogous ribosomal proteins require different factors for their assembly. Moreover, we have made the surprising discovery that these proteins exhibit paralog-specific aberrant localizations in the absence of certain factors.
DISCUSSION
We have demonstrated by four criteria that paralogous ribosomal proteins, previously thought to be redundant, are functionally distinct. First, the localized translation of ASH1 mRNA requires a specific subset of duplicated ribosomal protein genes. Second, transcriptional profiling of cells lacking these same duplicated ribosomal protein genes revealed additional levels of functional divergence between paralogs. Third, the analysis of phenotypic data indicates that functional specificity occurs in all duplicated ribosomal protein genes and that no two ribosomal protein paralogs share all phenotypes. Finally, examination of paralogous ribosomal proteins revealed paralog-specific localizations and assembly defects that depend on the cell's genetic background. Together, these data indicate that duplicated ribosomal proteins are playing distinct functional roles within the cell.
Functional Specificity among Duplicated Ribosomal Protein Genes
Through the analysis of ASH1 mRNA, a well-characterized transcript in yeast, we have identified a new level of complexity in the regulation of gene expression. Maintenance of the bud-tip localization of ASH1 mRNA requires both translational repressors and active translation (Beach et al., 1999; Gonzalez et al., 1999; Gu et al., 2004; Irie et al., 2002; Kruse et al., 2002) . We showed that Loc1, a strictly nuclear factor previously implicated in both ribosomal assembly and in the targeting of ASH1 mRNA to the bud (Harnpicharnchai et al., 2001; Long et al., 2001; Urbinati et al., 2006) , is also required for the translational regulation of ASH1 mRNA (Figure 1) . The bud-tip localization of ASH1 mRNA also requires a specific subset of duplicated ribosomal proteins (Figure 2) , and Loc1 had previously been found to share a defect in bud-site selection with these genes (Ni and Snyder, 2001) . Intriguingly, these effects are paralog-specific (Figure 3) . Together, these findings suggest a model in which Loc1 is required for the assembly of ribosomes containing a specific subset of duplicated ribosomal proteins and that this ''specialized'' ribosome is required for the regulated translation of ASH1 mRNA.
Our data indicate additional differences between duplicated ribosomal protein genes. Ribosomal protein deletions exhibit paralog-specific effects on transcription levels (Table 1 ) and unique phenotypes (Table 2) . Additionally, paralogous genes are no more phenotypically similar to each other than they are to other duplicated ribosomal protein genes ( Figure 4C ). Although these other processes have not been directly linked to translation, when taken together with our data for ASH1 mRNA, the extensive variation between paralogs suggests that these processes also involve ''specialized'' ribosomes, with each ribosome requiring different subsets of duplicated ribosomal proteins.
Our data argues against a gene-dosage model for ribosomal protein specificity. Previous characterizations of duplicated ribosomal protein genes had led to the conclusion that paralog-specific defects were due to differences in expression, with the fitness defect caused by each deletion proportional to the abundance of its transcript (Abovich and Rosbash, 1984; Herruer et al., 1987; Leer et al., 1984 Leer et al., , 1985 Lucioli et al., 1988; Rotenberg et al., 1988) . Analysis of ribosomal protein genes required for ASH1 mRNA localization argues against this model; several of the ribosomal protein genes required for the translation of ASH1 mRNA are expressed at a lower level than their corresponding paralog (Table S1 ). Moreover, when we examined all duplicated ribosomal proteins and all phenotypes for which there is published data, we found no relationship between relative mRNA abundance and number of observed phenotypes ( Figure 4D ). Thus, paralog-specific phenotypic consequences of deleting duplicated ribosomal protein genes cannot be explained by expression level.
Findings in other organisms lend further support to the existence of specialized ribosomes. Like yeast, plants also have multiple copies of ribosomal protein genes. Many of these genes exhibit expression restricted to specific stages of development and/or specific tissues, and when mutated, these genes often yield phenotypes consistent with aberrant development (Dresselhaus et al., 1999; Ito et al., 2000; Ma and Dooner, 2004; Tsugeki et al., 1996; Weijers et al., 2001; Williams and Sussex, 1995) . As observed in yeast, many of these genes do not affect growth rates unless cells are exposed to genetic or environmental stresses. For example, in Arabidopsis, ARS27A is dispensable for growth in wild-type cells, but a promoter mutation leads to growth deficiencies and tumor-like structures when exposed to mutagens (Revenkova et al., 1999) .
Ribosomal protein duplication also occurs in other eukaryotes. There are multiple copies of ribosomal protein genes in species as diverse as S. pombe (e.g., Rpl11-1 and -2), Drosophila (e.g., Rpl34a and b), C. elegans (e.g., rpl-11.1 and -11.2), and humans (Rps4X and Rps4Y). Although phenotypic data on these paralogous genes is not as extensive as in budding yeast, the conservation of ribosomal protein gene duplication among eukaryotes suggests that the functional specificity we observe in S. cerevisiae is not a special case but is instead indicative of a general phenomenon.
Other eukaryotes require ribosomal heterogeneity for mRNA localization. Drosophila, Xenopus, and Ascidians require ribosomes derived from the mitochondrion for the localized and developmentally regulated translation of maternal mRNAs (Amikura et al., 2001; Kobayashi et al., 1998; Oka et al., 1999) . Intriguingly, these specialized ribosomes may only be required for the initiation of translation, after which any form of ribosome may be able to translate the regulated mRNA. This appears to be the case in Drosophila, as electron microscopy indicates that the mRNAs are translated by both mitochondrial and cytoplasmic ribosomes (Amikura et al., 2001) .
Specific ribosomal protein genes have also been implicated in cancer. A recent screen in zebrafish for recessive lethal tumor suppressor genes found 11 out of the 12 tumor suppressor lines to contain ribosomal protein mutations (Amsterdam et al., 2004) . In plants, the cancer-like phenomena observed following the mutation of specific ribosomal proteins (Revenkova et al., 1999) shows that ribosomal protein involvement in cancer is conserved among diverse eukaryotes.
Parallels between Translational Regulation and Regulation of Transcription: Evidence for a ''Ribosome Code'' Our data supports a model in which there are many different forms of functionally distinct ribosomes in yeast, where the functional specificity is determined by the combination of duplicated ribosomal proteins present. However, protein composition is not the only source of ribosomal heterogeneity. Many fungi express different forms of 5S rRNA, with two major species occurring in S. cerevisiae (Selker et al., 1985) . Moreover, ribosomal proteins are subject to a variety of posttranslational modifications, including phosphorylation, methylation, ubiquitination, and acetylation (Lee et al., 2002; Louie et al., 1996) ; such modifications impact the translational activity of the protein (Bachand et al., 2006; Mazumder et al., 2003) . Indeed, as previously posited (Mauro and Edelman, 2002) , there is a wealth of evidence for heterogeneity among ribosomes regulating the translational activity of their targets.
This model of translational regulation bears a striking resemblance to the canonical model for transcriptional regulation. The transcriptional activity of a given region of DNA is regulated by the structure of the surrounding chromatin, which is largely determined by the types of associated histones and their posttranslational modifications. As with ribosomal proteins, histone genes are duplicated in yeast (Kellis et al., 2004) . Moreover, several distinct forms of histones have been identified with specialized roles (Polo and Almouzni, 2006) . Furthermore, as with ribosomal proteins, histones are subject to myriad posttranslational modifications, and these modifications modulate the transcriptional activity of the surrounding chromatin (Kouzarides, 2007) . Finally, both DNA and rRNA are subject to direct modifications (Bernstein et al., 2007; Fromont-Racine et al., 2003) . In sum, the transcription state of a given region of chromatin is determined by specific combinations of histone proteins, posttranslational modifications of histones, and DNA modifications; this complex relationship has been called the ''histone code'' (Jenuwein and Allis, 2001) . Our data support a similar level of complexity for the process of translation in which different combinations of ribosomal protein paralogs, posttranslational modifications of ribosomal proteins, different forms of rRNA, and modifications to the rRNA allow calibrated translation of specific mRNAs. As with the histone code, this ''ribosome code'' would provide a new level of complexity in the regulation of gene expression.
EXPERIMENTAL PROCEDURES
Analysis of ASH1 Protein and mRNA Levels Ash1 was tagged at the N-terminus using published methods (Gauss et al., 2005) . Cells were lysed, diluted to 1 mg/ml total protein, and analyzed as described (Hieronymus and Silver, 2003) using c-myc A14 (Santa Cruz) and a-actin (Chemicon). ASH1 mRNA levels were determined from transcriptional profiling of loc1D cells (see ''Transcriptional Profiling'').
Live-Cell mRNA Imaging ASH1 reporter constructs were created and transformed along with pPS2035 using standard methods. Cells were grown and induced as described (Brodsky and Silver, 2002) . Only large-budded cells (bud size > 75% of mother size) were counted, and each assay was repeated blind at least twice. Only cells exhibiting localized GFP expression were counted for assays performed on the E3 reporter for Figures 2 and 3.
Transcriptional Profiling
Transcriptional profiling of Loc1 was performed as described (Casolari et al., 2004) on four independent cultures each for wild-type (PSY3259) versus loc1D (PSY3262), with two arrays for each fluor orientation. RNA was prepared similarly from two independent cultures for ribosomal knockouts and wild-type cells and hybridized to Affymetrix Yeast 98 arrays; mRNAs were considered significantly changed if their ratios differed more than 2-fold from wild-type.
Clustering Analysis
Phenotypic data was clustered using hierarchical clustering with complete linkage and visualized using published software (Eisen et al., 1998; Saldanha, 2004) .
Ribosomal Protein Imaging GFP-tagged ribosomal proteins were imaged in live cells in mid-log phase (2 to 8 3 10 7 cells/ml); a subset of these images was obtained using a Nikon TE2000U inverted microscope with PerkinElmer ultraview spinning disk confocal.
Supplemental Data
The Supplemental Data include ten supplemental figures and one supplemental table and can be found with this article online at http://www. cell.com/cgi/content/full/131/3/557/DC1/.
